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Major Goals

Objective 1. Develop and validate models for the waveguide, resonance cavity and acoustical
cavitation properties of intracranial contents. Objective 2. Construct and validate advanced eye
movement and pupil monitoring technology (VOG) for assessing warfighter readiness in operational
environments. Deliverables: 1. Numerical models of intracranial contents, including blood flow,
cavitation properties, and RF and acoustic absorption. A 1D model followed to a fully coupled,
cavitating finite element analysis model. 2. Construct and test physical models to validate the RF
and acoustic properties of the simulation models. 3. An improved VOG system embedded in a
virtual reality display to increase the temporal bandwidth, refine algorithms and on-board processing
capabilities for operational environments,

Accomplishments Under Goals

We have continued to refine initial numerical models of high frequency sound propagation in the
human head, focusing on the temporal bone and inner ear, to explain perceptual phenomena of
directed exposure to 40-70 kHz ultrasound sources. High-resolution finite element models have been
constructed from digital image sets of human and macaque (M. fascicularis) heads for simulations
that use ANSYS, COMSOL and MATLAB. The standard acoustics component of the analyses
assesses transmission loss in Region I (low frequency regime, where transmission is controlled by
stiffness and resonances), Region II (middle frequencies, where transmission loss increases with
frequency and proportional to the structural mass) and Region III (higher frequency coincidences
between sound wavelength(s) and structural wavelength(s) of the target objects yield enhanced
transmission). The analyses suggest that there is a second conductive pathway for airborne, high
frequency vibration to intracranial contents (see attached conference paper submission). It is well
known the normal conductive hearing (audible range) depends upon the conduction of sound from to
the inner ear via the pinna (ear lobe)-external ear canal, tympanic membrane (ear drum) and middle
ear ossicles. However, sounds above the range of human hearing (ultrasound ) can also be ‘heard’
when directed from behind a person at the mastoid process of the temporal bone. In humans and
some primates, the mastoid is divided into air cells by thin septa of cortical bone (~0.2 mm thick),
which are continuous with the middle ear air space and Eustachian tube. High resolution finite
element models have been used to examine the acoustic properties of the bony and soft tissues of the
human skull base, including the mastoid air cells, ossicles, inner ear, endolymphatic sac, tympanic
membrane and brain. These analyses demonstrate significant, spatially localized resonance behavior,
consistent with a hypothesis that the middle ear may have a previously unsuspected conductive
pathway for high frequency pressure waves to the cochlea and vestibular system. Harmonic acoustic
analysis and modal analyses of the mastoid and skull base support the likelihood of perceptual
effects on hearing and balance. These findings raise the exciting possibility that there are two
systems for directing sound to the ear. The traditional conductive path is a forward and laterally
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directed system for detecting and localizing sound energy in the audible range. A second system
appears to be sensitive to incident sound outside the normal audible range (>20 kHz), directed from
behind the ear lobes at the mastoid region of the temporal bone. The mastoid region and skull base
appear to be specialized for detecting and conducting energy to the endolymphatic sac and the
vestibular apparatus of the inner ear. Exposures to unnatural, high frequency pressure fluctuations in
this range would be expected to produce aberrant vestibular perceptions. We have been refining and
testing numerical models of high frequency sound effects in the perilymph and endolymph-filled
fluid spaces of the inner ear. Simulation tools include ANSYS, COMSOL and MATLAB. The
models represent the inner ear as two fluid filled waveguide compartments, containing air-saturated
fluids. The models incorporate physical properties of air bubble dynamics, including rectified
diffusion and cavitation (including Schnerr-Sauer and Zwart-Gerber-Belamri models used in
FLUENT). We have begun the implementation of these approaches to bubble dynamics in numerical
simulations with geometrically complex models. Modal analyses of both human and cynomolgus
monkey models identified the semicircular canals as the site of several acoustic resonant features.
Features of the human model are described as follows. For a more detailed exposition, please see the
uploaded draft conference paper for Proceedings of the ASME 2020 International Mechanical
Engineering Congress and Exposition. Mode shapes of a so-called “open-open” half-wave acoustic
resonator, were observed at 42.8 kHz (posterior semicircular canal) at 54.9 kHz (superior
semicircular canal) and a higher-order mode at 77 kHz ( posterior and superior semicircular canals
near the crus commune). These ultrasonic resonance ‘windows’ correspond spatially to sites of ‘third
window’ or semicircular canal dehiscence defects, which produce balance symptoms by permitting
aberrant sound transmission into the vestibular apparatus. We have also incorporated particulate
material in the endolymph of the vestibule into simulations (e.g., Kao et al. Laryngoscope,
127:709–714, 2017) to explore potential effects of high frequency sound on its dispersion and
bubble dynamics. The disperion of this material in the semicircular canal ducts is a cause of
symptoms in Benign Paroxysmal Positional Vertigo. Modal analysis of the middle ear cavity and
mastoid air cells has revealed several resonances of interest. The first two natural frequencies (at 5.7
kHz and 13 kHz) are closed-closed “acoustic duct” modes along the long axis of the air space. The
region also displayed higher-order modes at 27.5 kHz and 32.5 kHz at sites immediately adjacent to
the semicircular canals. Another mode at 30.5 kHz, is perpendicular to the longitudinal mode shown
a 5.7 kHz and is housed entirely within the mastoid air cells. Because the speed of sound differs
markedly in air and water, dynamic changes in the air bubble distribution can profoundly affect the
speed of sound (and hence energy distribution) along the cochlear waveguide. Because the sensory
apparatus (organ of Corti) is embedded in a resonant basilar membrane, the changes in bubble
distribution can affect both the perception of sound and patterns of mechanical injury in the inner ear
from intense sound exposures. Our simulations suggest very profound effects on energy intensity
near the base of the cochlea, with the expectation of high intensity energy delivery at the junction
between the scala vestibuli and the vestibule. These studies are providing a basic understanding of
mechanisms for potentially injurious effects of high frequency sound on the auditory and vestibular
sensory apparatus. Specifically, we posit that an ultrasonic carrier signal with frequency near a
major resonant feature can deliver sound directly to inner ear sense organs. The amplitude
modulation process (“heterodyning”) comprises multiplication of two sinusoidal signals, typically
known as an information signal and a higher-frequency carrier signal. The output signal contains
energy at two new frequencies: the sum and difference of the original carrier and information
signals. We are nearing completion of a prototype steerable ‘phased array’ speaker of piezoelectric
emitters for delivering focused, amplitude modulated ultrasound (Pareto Optimal, Steerable Vogel’s
Spiral Parametric Array at 40 kHz). The output beam is steerable over a 30 degree arc, controlled by
an Intel/Altera Cyclone V FPGA. It will be tested in collaborative experiments at Army Research
Laboratory after the post-COVID reopening. We have published a new peer-reviewed paper in
Frontiers in Neurology: Neuro-Ophthalmology (open access journal) that documents an objective
and non-invasive test to distinguish symptomatic individuals from an acute exposure in Havana
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(‘UBI’), for individuals with an acute mild concussion and control individuals (nearly 90% correct
3-way classification). It is potentially forward-deployable with current technology (about 6.5 level)
with an FDA approved device. We have completed testing and validation of a working prototype of
a video-oculography system running at 1000 FPS on each eye. We intend to incorporate it in human
subject studies after the end of the COVID closings of our laboratories. The footprint can be reduced
for installation in most headgear, including diving and aviation helmets.

Plans Next Period

We will continue development of the simulations and devices. The 3D models will be refined for the
skull base and soft tissues of the human and cynomolgus monkey. Cadaver measurements for model
validation will be conducted in collaboration with Army Research Laboratory (ARL), though the
PI’s joint appointment as a Physical Scientist. Newly constructed small, steerable sound delivery
devices will be tested for their ability to deliver envelope modulation of an ultrasonic carrier
frequency in air and will be used in cadaver validation work with ARL. Predictions for testing
stimulus efficacy from our simulations will be tested at ARL, where collaborative work will extend
the simulation approaches to internal acoustic emissions from other directed energy sources, such at
photoacoustic phenomena. Our modeling approaches and philosophies are very compatible and the
tools/simulations are inter-operable. Work on the effects of electrical and magnetic directed energy
on the intracranial contents, including the auditory and vestibular system, will continue to proceed
collaboratively in order to optimize all our efforts. We have a strong sense that we (the extended
team) are on the verge of some fundamental basic findings. We will conduct some 'proof-of-concept'
experiments on physical models and cadaver materials, combining capabilities and resources to
validate the simulations. Our publication of oculomotor criteria for distinguishing the symptomatic
Havana individuals from controls and individuals with acute mild traumatic brain injury motivates
technology development toward deployment. We will work with form factor reduction in a new
oculomotor goggle prototype for higher speed, more sensitive video-oculography with an on-board
FPGA. Prototype production has been discussed with the CTO of Neurolign Technologies, which
purchased our previous partner, Neuro Kinetics, Inc. We will then have a prototype of
field-deployable device for detecting some consequences of Havana-type energy exposures 

Results Dissemination

In addition to standard professional forums, these findings are of special interest to directed energy
researchers at ARL, where Dr. Balaban has a joint appointment as a Physical Scientist, and NRL
(John O’Donnell). We have disseminated results in briefings. A recent publication in Frontiers in
Neurology Neuro-Ophthalmology (an open journal) presents an objective, highly accurate clinical
algorithm for differentiating individuals with Havana-type exposures from individuals with acute
mild traumatic brain injury and control subjects (across a broad age range). A peer-reviewed
conference paper will disseminate results of our numerical simulation studies at a major national
mechanical engineering meeting (with specialized acoustics sessions). 

Honors and Awards

Nothing to Report

Training Opportunities

The simulation studies have provided a continuous stream of technical challenges for model
construction and software integration. The design and construction of the Pareto Optimal, Steerable
Vogel’s Spiral Parametric Array at 40 kHz and the associated phased-array control software for the
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FPGA has also provided an opportunity to work through alternate engineering strategies. The
greatest professional development, though, has been our mutual integration of knowledge in
biological structure/anatomy, physiology, psychoacoustics, materials science, acoustical
engineering, and applied physics. Our main weekly meetings commonly last for 2 hours and have
become brainstorming sessions that generate new reading lists—and insights that drive the work
forward.

Technology Transfer

The PI has a joint appointment as a Physical Scientist with WMRD at Army Research Laboratory.
We share data and are collaborating in directed energy studies.

Participants

Name Role Person Months
Vipperman, Jeffrey Co PD/PI 3
Klinzing, George Co-Investigator 2
Dumm, Christopher Graduate Student (research assistant) 6
Hiers, Anna Graduate Student (research assistant) 6
Balaban, Carey PD/PI 3
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Distinctive Convergence Eye
Movements in an Acquired
Neurosensory Dysfunction

Q2Carey D. Balaban 1,2,3,4*, Mikhaylo Szczupak 5, Alexander Kiderman 6, Bonnie E. Levin 7 and

Michael E. Hoffer 5,8

1Department of Otolaryngology, University of Pittsburgh, Pittsburgh, PA, United States, 2Department of Neurobiology, Q9

University of Pittsburgh, Pittsburgh, PA, United States, 3Department of Communication Sciences & Disorders, University of

Pittsburgh, Pittsburgh, PA, United States, 4Department of Bioengineering, University of Pittsburgh, Pittsburgh, PA,

United States, 5Department of Otolaryngology, University of Miami Miller School of Medicine, Miami, FL, United States,
6Neuro Kinetics, Inc., Pittsburgh, PA, United States, 7Department of Neurology University of Miami Miller School of Medicine,

Miami, FL, United States, 8Department of Neurological Surgery, University of Miami Miller School of Medicine, Miami, FL,

United States

In late 2016, diplomats in Havana, Cuba, began presenting with a unique symptom

complex after perceiving a strange noise and/or feeling a pressure field in their domicile.

This report is a retrospective, quantitative analysis of video-oculography data of pupillary

light reflex performance and binocular disparity-driven eye and pupil movements during

the acute time period after the reported exposure. The patterns of response in these 19

individuals are markedly different than those seen in a group of individuals with the usual

acute mild traumatic brain injury (17 subjects) and from 62 control subjects (21–60 years

old) with no injury. Non-linear least squares regression was used to estimate the model

parameters from the eye movement and the pupil measurements (1). Linear discriminant

analysis was then used to identify a classifier for an objective discrimination of the groups

with >91% accuracy and no confusion between the acute neurosensory findings among

the members of the Havana diplomatic community and the subjects with acute mild

traumatic brain injury. This pattern difference in eye and pupil behavior may be a useful

screen to help objectively distinguish blunt trauma from Havana-type effects in the future

and to guide the affected individuals to appropriate care.

Q11Keywords: vergence eye movements, pupil regulation, human, objective diagnosis, video-oculography

INTRODUCTION
Q12

Complaints of sudden-onset tinnitus, ear pain, and dizziness emerged in late 2016 to early 2017 Q6

Q1among diplomatic personnel and their families in Havana, Cuba. These affected individuals often
reported hearing a loud, high-frequency, localized sound, and were under the impression that
it could follow them in a room. Examinations and formal testing at the University of Miami
in the acute to the subacute time frames found had objective evidence of both an otolithic
abnormality and of cognitive dysfunction in a group of 25 individuals (2). When 21 exposed
individuals were examined in a more chronic time frame (average of 201 days post-perception
of exposure), 20 subjects reported persistent symptoms and signs that resembled the aspects of
mild traumatic brain injury (3). As noted previously (2), their findings are not inconsistent with
either a partially compensated vestibulopathy or a mild brain trauma (or both). When seen at the
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University of Miami, these patients underwent diagnostic

Q10

examinations that were guided by their symptoms and standard
of care. As part of these examinations, all individuals underwent
detailed video recordings of eye movements. These findings were
reviewed, respectively, on an approved protocol (2) and formed
the basis of the data set used in this study. The goal of this study
was to provide a more detailed look at the eye motion seen in
this patient group and compare these findings to other groups of
individuals undergoing the same tests. The findings might allow
investigators to begin to develop a set of objective findings that
are typical for the acute neurosensory dysfunction among some
members of the Havana diplomatic community.

The singular emergence of this cluster of individuals, the
limited acute clinical information, the wide publicity about
perceptions and symptoms, and the lack of etiologic information
raise the practical issue of how one recognizes a similar
presentation objectively in other individuals reporting the same
perceptions. In the course of the acute examinations of the
affected individuals from Havana, digital video records of eye
movements were recorded for the qualitative assessment of
pupillary light responses and vergence eye movements. These
archival eye recording data have been analyzed retrospectively
based upon algorithms from a recent publication that assessed
both the vergence eye movements and the coordinated changes
in pupil area during binocular disparity-driven convergence
in more than 50 control subjects (1). Because convergence
insufficiency (4–6) and pupillary light reflex effects (7) are
described in the mild traumatic brain injury (mTBI) literature,
detailed analyses are likely germane to the differential diagnosis
of the Havana individuals. The patterns observed in this group
of patients are compared with similar data from individuals with
acute mTBI and our retrospective control group produced a
discriminant function to differentiate among Havana affected,
control, and acute mTBI samples. We hypothesize that the acute
neurosensory presentation of these individuals will show features
that are distinct from those of the standard acute mTBI.

MATERIALS AND METHODS

Participants and Study Design
The analysis of de-identified, retrospective data was approved by
the University of Pittsburgh Institutional Review Board and the
institutional review board (IRB) at the University of Miami and
the Madigan Army Medical Center. The de-identified data were
analyzed from three cohorts of subjects:

Control Subjects
A cohort of 64 normal subjects came from the University of
Miami and theMadigan ArmyMedical Center. Fifty-two subjects
are described in a previous communication (1), supplemented by
12 subjects to span the age range of themTBI andHavana affected
cohorts. They provided data with written informed consent
under protocols approved by the IRBs at the University of Miami
and the Madigan Army Medical Center and in accordance with
the Declaration of Helsinki. The subjects were 42 males and 22
females, ranging from 21 to 60 years of age (mean 32.3 ± 10.0
years of age, SD).

Mild Traumatic Brain Injury Subjects
A cohort of 18 subjects from the University of Miami, the Naval
Medical Center San Diego, and the Madigan Army Medical
Center (17 with complete data) provided data with informed
consent under protocols approved by the IRBs at the University
of Miami, the Naval Medical Center San Diego, and the Madigan
Army Medical Center and in accordance with the Declaration
of Helsinki. The 14 male and four female subjects, ranging in
age from 20 to 43 years (mean 29.1 ± 8.1 years of age, SD),
were diagnosed as having mTBI by both an emergency room
physician as well as one of the authors (MEH). The criteria used
for the diagnosis included a standardmilitary definition of having
a head injury, suffering an alteration or loss of consciousness,
and having new neurosensory symptoms with onset at the time
of injury and persisting until during our team’s evaluation (all
individuals ended up to have symptoms for at least 1 week). In
addition, these individuals could not have been diagnosed with
more thanmild brain injury [e.g., no loss of consciousness (LOC)
or LOC <30min, no subdural hematoma, no need for admission
to the intensive care unit, and a Glasgow Coma Score of 14 or
above]. All individuals were evaluated in the acute period [tested
58± 36 h (SD) after injury]. In addition, these individuals had no
significant medical issues, no history of ear disease or ear surgery,
no history of developmental learning issues, and no history of
concussion for at least 1 year, with no lingering sequelae before
the current injury.

Havana Affected Subjects
There were 19 subjects with complete vergence and pupil test data
among the 25 affected subjects described in Hoffer et al. (2). The
entire cohort was composed of 15 males and 10 females (mean
43.2 ± 12.6 years of age, SD; all under 64 years of age). There
were 23 subjects with pupillary light reflex tests (mean age 42.0
± 7.6 years, SD) and 19 subjects who also had both binocular
step and smooth pursuit vergence tests (mean age 40.5 ± 9.1
years, SD; under 56 years of age). The analysis of de-identified
clinical video-oculographic data was approved by institutional
review board of the University of Miami and the University of
Pittsburgh, respectively.

Pupillary Light Response and Binocular
Disparity Vergence
Pupillary light responses and binocular disparity vergence eye
movement performance were tested quantitatively with a clinical
eye tracking system within a portable 3D head-mounted display
system (I—PASTM; I-Portal R© Portable Assessment System,
Neuro Kinetics, Inc., Pittsburgh, PA, USA). Each eye views an
independent circular portion of a 1,920 × 1,080-pixel stimulus
display that subtends a 60◦ diagonal field of view. The subjects
can adjust the focus of the video image for each eye across a
±4 diopter range. Video-based eye tracking is performed under
continuous 940-nm infrared illumination at a sampling rate of
100Hz. The pupils are identified by characteristic luminance
boundaries. The pupil area is measured from each image at a
resolution of 139 pixels/mm2. The instantaneous eye position is
calculated from the centroid of the identified pupil area over a
horizontal range of±30◦ and a vertical range of±20◦.
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Neuro Kinetics VESTTM software was used for testing
and data collection. All stimuli were rendered in the virtual
environment that was created by the enclosed video display,
with synchronization of the stimulus refresh rates and the eye
tracking sampling rate. Eyemovement recordings were calibrated
for a series of conjugate horizontal and vertical gaze shifts using
spot targets subtending ∼0.1◦ of the visual angle. Vergence
angle is represented in degrees relative to zero at initial fixation.
Normal consensual pupil responses were confirmed during the
neurological examination. For testing the pupillary light reflex
quantitatively, the subjects viewed binocularly a 5◦ (visual angle)
disc centered on the visible area of each screen half while 13
homogeneous illumination flashes (0.42 to 65.4 cd/m², 0.300 s
on, 2.00–4.00 s off) were presented binocularly in an ascending
order of intensity (Figure 2). Because the light-evoked and the
vergence-related pupil movements were symmetric, the average
area of the left and the right pupils was used in the final analyses.

Targets for the disparity fusion (“vergence tracking”) task were
a white square with a red center that subtended ∼0.1◦ of the
visual angle for each eye. The total field luminance during the
presentation of the square, measured with a spot luminance
detector incorporating a LDM-9901 sensor (Gigahertz-Optik,
Germany), ranged from 0.05 to 0.06 cd/m². The vergence
disparity step task began with the illuminated targets at a central
fixation position for each eye. The targets were then shifted
at 4-s intervals between a disparity requiring 1.5◦ convergence
(from the initial fixation target) and a disparity requiring 1.5◦

divergence (from the initial fixation target) in order to achieve
binocular fusion. Five cycles of alternating convergence and
divergence were presented over a 40-s duration (Figure 3, right
traces). By convention, convergence is represented as a positive
vergence angle. For the vergence pursuit (tracking) task, the
trial began with the illumination of the two monocular targets
at the initial focal point phoria (equivalent to ∼1m in virtual
depth). The target then moved smoothly through three cycles
of a sinusoidal profile, such that the monocular targets moved
simultaneously laterally and then medially to produce binocular
disparity (i.e., the left eye target moved leftward, while the
right eye target moved rightward, and then the left eye target
moved rightward, while the right eye target moved leftward)

with a cycle duration of 10 s (Figure 3, left traces). During this
sinusoidal movement, the maximum deviation of the response
from the initial position was ±2.6◦ of the visual angle in the
horizontal plane.

Data Analysis
In addition to the analysis of raw pupil area data, the pupillary
light response range was used to normalize the pupil area for
analysis of coordinated eye and pupil movements during the
vergence tasks. For those analyses, the maximum (Amax) and
the minimum (Amin) pupil areas were determined separately for
the left and the right eyes for responses on the range of low-
intensity (0.42 cd/m²) to high-intensity (65.4 cd/m²) stimuli. The
range-normalized area (1) was calculated from raw data for an
additional set of analyses .

The pupil data were analyzed both as peak constriction
velocity for each flash intensity and from the parameter
estimation for amodel described in theAppendix. For the former Q19

observation, the pupil velocity was calculated from the pupil area
data (in mm2) with a “fitted slope” method, which fits a straight
line between points from i–n : i + n (n = half-width of a user-
specified window. The numerator for the slope calculation is the
sum (points multiplied by offset), where offset is the range from –
n to n, while the denominator is n (n+ 1) (2n+ 1)/3. The product
of the slope and the sampling frequency yields the velocity. The
half-width of the window was five points (50ms) at a sample rate
of 100 Hz.

The eye movements in the disparity step and the pursuit
tasks were modeled as the weighted sum of first-order high-
and low-pass representations of the vergence target position with
a processing delay (1). The general architecture of this simple
model is diagrammed in Figure 1. Data fits by this model to
the vergence eye movement of control subjects had high average
coefficients of determination, which were 0.82± 0.04 for the step
disparity task and 0.91± 0.02 for the pursuit disparity task. They
are used as an adequate parsimonious model, with fewer free
parameters for estimation than the more elaborate models such
as that of Maxwell et al. (9).

Non-linear least squares regression (“lsqnonlin.m” function
in MATLAB) was used to estimate the parameters for the

FIGURE 1 | Schematic of approach for model estimation of binocular disparity-driven vergence eye movement and pupil responses (1). The transfer functions areQ4

described in the text. The pupil controller Laplace form was adopted from Sun et al. (8) as a parsimonious descriptor of the data.Q5
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FIGURE 2 | Pupil area responses during binocular presentation of 13 homogeneous illumination flashes (0.42 to 65.4 cd/m², 0.310 s on, 2.03 s off). The upper left

panel shows the parallel and the highly coherent responses of each eye from a control subject. In the other panels, the black traces show the average of the

responses of both eyes from three subjects (one from each subject group). The modeled response for each trace is shown in red based upon the approach described

in the supplemental material. Note the strong similarity in the dynamic responses across groups, which was confirmed by the lack of differences between the

response parameters in quantitative analyses (see text).

vergence disparity response as a weighted sum of high-pass

(Kvhse
−tvs

s+1 ) and low-pass (Kvle
−tvs

0.25s+1 ) processes, with delay tv and
gains Kvh (phasic process) and Kvl (tonic process), respectively.
The delay parameter accounts for the reaction time to the
binocular disparity step stimulus; it was set at zero for the
binocular disparity pursuit task. Based upon Sun et al. (8), the
pupil controller dynamics were fitted from the vergence data by

a transfer function for pupil motion,
Kpe

−tps

0.28s+1 , with delay tp and
gain Kp, which estimates the near response sensitivity directly.
As shown in our previous publication (1), the residuals from
this approach showed no activity in the range of the vergence
eye movements, which indicates the descriptive adequacy of
this simple model for the present analyses. The symmetry
of the convergence responses was tested by fitting separate
gains for convergence vs. divergence and for pupil constriction
vs. dilatation.

Statistical analyses were performed in SPSS version 24 (IBM
Corporation, Armonk, NY, USA). Kolmogorov–Smirnov tests

(Lilliefors correction) were used to test the assumption of a
Gaussian distribution for each dependent variable and group. For
variables that were not rejected as Gaussian, paired comparisons
between group data were performed by analysis of variance,
followed by Tukey’s highest significant difference (HSD) and
Games–Howell post hoc tests. When the Gaussian assumption
was rejected (p < 0.05), a distribution-free Kruskal–Wallis
approach in the SPSS Non-parametric tests→Independent
Samples menu was used. Stepwise discriminant analysis for
the control, acute mTBI, and Havana affected subjects was
performed on the parameters describing vergence eye and
pupil movements, with a Wilks-lambda criterion and a
one-out validation.

RESULTS

The pupillary light response to a series of binocular light
flashes is shown in Figure 2. All of the subjects displayed
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FIGURE 3 | Examples of vergence (upper trace, convergence in the positive direction) and concurrent pupil area changes (lower trace, area in mm2 ) in control (upper

panels), Havana affected (middle panels), and acute mild traumatic brain injury (lower panels). The time course of the retinal disparity stimulus is shown by the heavy

blue line in the convergence panels, offset above the responses for illustrative purposes. Two different subjects (black and green traces) are shown for each group.

The left panels show the responses during the binocular disparity pursuit task. The responses during the binocular disparity step task are shown on the right.

parallel right and left pupil size traces, which is illustrated for
one control subject in the upper left panel (Figure 2). Hence,
given the high coherence between the pupils, the main analyses

were conducted on their averaged area. Note that a lumped
parameter dynamic model (described in Appendix), based upon Q19

a series of published model iterations from the Stark laboratory
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TABLE 1 | Parameter estimates for pupil light responses in the three groups of subjects (see text for details).Q5

Q16
Control group Acute mild

traumatic brain

injury (mTBI)

Havana affected Tukey’s highest significant

difference or Kruskal–Wallis

(p < 0.05) comparisons

Least significant

difference (p < 0.05)

comparisons

Unadjusted measures

Light reflex average

baseline pupil area (mm2 )

18.24 ± 0.83 mm2

(Gaussian)

16.46 ± 1.65 mm2

(Gaussian)

14.15 ± 1.37 mm2

(Gaussian)

C > HA; C = mTBI; HA = mTBI

Light response fit to

model (R2, coefficient of

determination)

0.68 ± 0.02

(Gaussian

rejected)

0.56 ± 0.04

(Gaussian)

0.74 ± 0.03

(Gaussian)

C = mTBI; C = HA; HA > mTBI

Age-adjusted measures for average pupil area in each task with significant age relationship (basis age: 33.3939 years)

Light reflex average

baseline pupil area (mm2 )

17.92 ± 0.78 mm2 14.62 ± 1.53 mm2 16.37 ± 1.50 mm2 NS for all

Disparity step average

pupil area (mm2 )

19.38 ± 0.83 mm2 14.51 ± 1.64 mm2 16.22 ± 1.62 mm2 C = HA; C > mTBI; HA =

mTBI

Disparity pursuit average

pupil area (mm2 )

17.29 ± 0.84 mm2 13.62 ± 1.66 mm2 15.25 ± 1.64 mm2 C = HA; C > mTBI; HA =

mTBI

(8, 10–13), provided a reasonably robust fit to the responses
in control, acute mTBI, and Havana affected subjects. There
were no significant group differences in any parameter of
dynamic behavior. However, two significant differences emerged
in parameters between groups (Table 1). First, the average pupil
area was significantly smaller in the Havana affected group than
that of the control subjects, with an intermediate baseline pupil
area in the acute mTBI subjects. Because there is a significant
negative linear relationship between the average baseline pupil
area and age in the control subjects (area = −0.342 ∗ age +

29.176, r = −0.499, p < 0.001), the analysis was repeated with
age as a covariate, which eliminated significant group differences
(Table 1). Second, the goodness of fit was significantly higher
(mean R2 >0.68) for both the control and the Havana affected
individuals than in the acute mTBI group (mean R2 = 0.55).
The goodness of fit was uncorrelated with age. A reduction
in static pupil size in the affected Havana subjects during the
light reflex testing was also observed for the average pupil
area during the disparity step (control: 19.77 ± 0.92 mm2,
mTBI: 16.14 ± 1.72 mm2, Havana affected: 13.35 ± 1.67 mm2;
p < 0.01 vs. control, Kruskal–Wallis test) and the disparity
pursuit (control: 17.63 ± 0.91 mm2, mTBI: 15.26 ± 1.70 mm2,
Havana affected: 12.66 ± 1.65 mm2; p < 0.05 vs. control,
Kruskal–Wallis test) responses. Because there are significant
negative linear relationships between these measures and age in
the control subjects, the analyses were repeated with age as a
covariate (Table 1). The correction for age indicated that only
the mTBI subjects had smaller average pupil areas than those of
the controls.

For the analyses of the peak constriction velocity data (a
measure of dynamic performance), the only significant effect
was noted at one flash intensity (47.8 cd/mm2). For that
stimulus, the response was reduced significantly in the acute
mTBI group relative to the control group (HSD test, p <

0.05, with the Havana exposed subjects not differing from
either group).

Binocular disparity-driven tests provide a way to assess
the coordination of movements related to convergence eye
movements (1). Two test paradigms involve the presentation
of small target spots to each eye to evoke convergent or
divergent eye movements by moving toward the nose or away
from the nose. For the disparity pursuit task, the targets move
gradually to produce coordinated, sinusoidal convergence eye
movements and changes in pupil area (Figure 3, left panels).
Hence, it tests a low-frequency response. For the disparity
step test (Figure 3, right panels), the targets move abruptly.
It is included to examine the response at higher frequencies.
In normal subjects, the dominant pattern of coordination is
termed “near response”: pupil constriction (decreased pupil
area) during convergence and pupil dilation (increased pupil
area) during divergence. The behavior of normal subjects and
the methods of analysis are described in detail in a recent
publication (1). Examples of the fidelity of the fit of the model
analysis to the pupil data (from the vergence eye movements)
are shown in Figure 4 for one subject from the Havana
affected group.

Disparity Step Task: Vergence Eye
Movements
The binocular disparity step response test revealed
several differences between the control, acute mTBI,
and Havana affected subject groups. The traces in
Figure 3 show sharp, well-demarcated “square wave”
vergence eye movement responses in the control and
Havana affected groups, accompanied by robust pupillary
responses. The eye movement and the pupil responses
were attenuated and less sharply demarcated in the acute
mTBI group.

The analysis of the responses (Table 2) showed that the
acute mTBI group had significantly lower gains for the
low-pass components of the eye movements than either
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FIGURE 4 | Pupil traces (black) are shown for the binocular disparity step response (upper panel) and binocular disparity pursuit response (lower panel) from a

Havana affected subject. The model fit, based upon the eye movement vergence response, is shown for each trace in red. The full results of the analyses are

described in the text.

the control or the Havana affected subjects (Kruskal–
Wallis tests, p < 0.01) as well as a significantly poorer
goodness of fit (HSD tests, p < 0.01). By contrast, the

disparity step-driven eye movements in the Havana affected
subjects did not differ significantly from those of the
control subjects.
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TABLE 2 | Significant group differences in model parameter values for the disparity step responses.Q16

Control group Acute mild traumatic

brain injury (mTBI)

Havana affected Tukey’s highest significant

difference or Kruskal–Wallis

(p < 0.05) comparisons

Low pass convergence eye

movement modulation depth

(Kvl converge direction)

1.43 ± 0.09◦

(Gaussian rejected)

0.59 ± 0.17◦

(Gaussian rejected)

1.42 ± 0.16◦

(Gaussian rejected)

C > mTBI; C = HA; HA > mTBI

Low pass divergence eye

movement modulation depth

(Kvl diverge direction)

1.51 ± 0.08◦

(Gaussian rejected)

0.65 ± 0.16◦

(Gaussian rejected)

1.38 ± 0.15◦

(Gaussian rejected)

C > mTBI; C = HA; HA > mTBI

Vergence R2 0.82 ± 0.04

(Gaussian rejected)

0.48 ± 0.07

(Gaussian rejected)

0.67 ± 0.07

(Gaussian rejected)

C > mTBI; C = HA; HA = mTBI

(p = 0.05)

Pupil delay re: vergence in ◦ (s)

[re: % light response range per

degree vergence]

0.16 ± 0.02 s

(Gaussian rejected)

0.13 ± 0.04 s

(Gaussian rejected)

0.01 ± 0.04 s

(Gaussian rejected)

C = mTBI; HA < C; HA = mTBI

[0.07 ± 0.02]

(Gaussian rejected)

[0.09 ± 0.04]

(Gaussian rejected)

[−0.08 ± 0.04]

(Gaussian rejected)

[C = mTBI; HA < C; HA < mTBI]

Pupil constriction sensitivity in

mm2/◦ (re: vergence)

2.10 ± 0.22 mm2/◦

(Gaussian)

0.76 ± 0.41 mm2/◦

(Gaussian rejected)

1.89 ± 0.38 mm2/◦

(Gaussian)

C > mTBI; HA = C; HA = mTBI

[% light response range per

degree vergence]

[7.5 ± 1.0%/◦]

(Gaussian)

[5.3 ± 1.9%/◦ ]

(Gaussian)

[16.7 ± 1.8%/◦ ]

(Gaussian rejected)

[C = mTBI; HA > C; HA > mTBI]

Pupil (re: vergence) R2 0.47 ± 0.03

(Gaussian)

0.32 ± 0.05

(Gaussian)

0.55 ± 0.05

(Gaussian)

C = mTBI; HA = C; HA > mTBI

TABLE 3 | Significant group differences in model parameter values for the disparity pursuit responses.Q16

Control group Acute mild traumatic

brain injury (mTBI)

Havana affected Tukey’s highest significant

difference or Kruskal–Wallis (p

< 0.05) comparisons

Low pass convergence

modulation depth (Kvl converge

direction)

2.32 ± 0.10◦

(Gaussian)

1.71 ± 0.18◦

(Gaussian)

1.84± 0.16◦

(Gaussian rejected)

C > mTBI; C > HA; HA = mTBI

Low pass divergence modulation

depth (Kvl diverge direction)

2. 25 ± 0.09◦

(Gaussian)

1.75 ± 0.16◦

(Gaussian rejected)

1.87 ± 0.14◦

(Gaussian rejected)

C > mTBI; C = HA; HA = mTBI

Vergence R2 0.91 ± 0.02 (Gaussian

rejected)

0.58 ± 0.04 (Gaussian

rejected)

0.91 ± 0.04 (Gaussian

rejected)

C > mTBI; C = HA; HA > mTBI

Pupil constriction gain in mm2/◦

(re: vergence)

1.67 ± 0.14 mm2/◦

(Gaussian rejected)

1.68 ± 0.217 mm2/◦

(Gaussian rejected)

1.46 ± 0.23 mm2/◦

(Gaussian)

NS in mm2/◦

[% light response range/◦

vergence]

[7.4 ± 0.6%/◦]

(Gaussian rejected)

[5.9 ± 1.2%/◦]

(Gaussian rejected)

[11.8 ± 1.0%/◦]

(Gaussian)

[C = mTBI; HA > C; HA > mTBI]

Pupil dilation gain in mm2/◦

(re: vergence)

0.42 ± 0.14 mm2/◦

(Gaussian)

−0.61 ± 0.26 mm2/◦

(Gaussian rejected)

0.56 ± 0.22 mm2/◦

(Gaussian)

C > mTBI; C < HA; HA > mTBI

[% light response range/◦

vergence]

[8.3 ± 0.9%/◦]

(Gaussian rejected)

[7.2 ± 1.7%/◦]

(Gaussian)

[6.5 ± 1.5%/◦]

(Gaussian)

NS in %PLR/◦

Pupil (re: vergence) R2 0.50 ± 0.02 (Gaussian) 0.30 ± 0.04 (Gaussian) 0.54 ± 0.03 (Gaussian) C > mTBI; C = HA; HA > mTBI

Disparity Step Task: Dynamic Pupil
Responses
A different picture emerged from the analyses of the dynamic
pupil responses during the disparity step task. These movements
are modeled as a parallel response to the signal generating
the vergence eye movements [e.g., Balaban et al. (1)]. Separate
analyses expressed the magnitude of the pupil response during
disparity-driven vergence as either (1) pupil area per degree
vergence (mm2/◦) or (2) pupil area as a normalized percentage
of light reflex range per degree vergence. Figure 3 (right panels)
shows the distinct coordinated response of the pupil during the

step vergence eye movements in two control and two Havana
affected subjects and themuch less distinct pupil responses in two
subjects from the acute mTBI group. The reduced pupil coupling
to the vergence eye movements in the latter group was apparent
from the R2 values for the model fits, which indicated that the
eye movement component explained an average of 47% of pupil
variability in the control subjects and 55% of the variability in
Havana affected subjects, but only 32% of the variance (HSD test,
p > 0.01 re: either group) in the acute mTBI subjects.

Figure 4 shows the examples of model performance for a
representative Havana affected subject. The Havana affected
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TABLE 4 | Discriminant function for control, acute traumatic brain injury (mTBI), and Havana affected patients from binocular disparity tests.Q16

Control (predicted) mTBI (predicted) Havana affected (predicted)

Classification results (one-out in square brackets)

Control 61 [56] 1 [2] 0 [4]

mTBI 4 [6] 13 [11] 0 [0]

Havana affected 3 [6] 0 [0] 16 [13]

1 2

Standardized canonical discriminant function coefficients

Vergence step modulation low-pass gain, converging direction 0.455 −0.651

Vergence step modulation low-pass gain, diverging direction 0.674 0.320

R2 for vergence step modulation −0.764 0.495

Pupil (re: vergence) step modulation in mm2/◦, converging direction −0.053 1.003

Pupil (re: vergence) step modulation in mm2/◦, diverging direction 0.142 −0.280

R2 for pupil (re: vergence) step modulation −0.178 0.215

Pupil (re: vergence) step delay in % pupil range/◦ −0.292 0.256

Pupil (re: vergence) step gain, constriction direction in % pupil range/◦ 0.365 −0.835

Mean pupil area (in mm2 ) for vergence step 0.149 1.430

Vergence pursuit modulation low-pass gain, converging direction 0.079 0.275

Vergence pursuit modulation low-pass gain, diverging direction −0.580 −0.277

R2 for vergence pursuit modulation 1.044 0.629

Pupil gain (re: vergence pursuit), constriction direction in % pupil range/◦ 0.440 −0.193

Pupil gain (re: vergence pursuit), dilation direction in % pupil range/◦ 0.096 0.596

Mean pupil area during vergence pursuit (in mm2 ) −0.162 −0.441

Pupil area in mm2 (initial 200ms of light response test) 0.165 −0.799

R2 for model fit to pupillary light reflex test 0.415 −0.155

Mean pupil baseline between flashes in pupillary light test (in mm2 ) −0.237 −0.438

Maximum pupil constriction velocity during pupillary light test −0.299 −0.084

Stepwise discriminant analysis, Wilks–lambda criterion, Vergence test data only; the cross-validated estimates are in brackets. The raw data analyses were 91.8% correct overall; 81.6%

correctly classified in one-out cross-validation. The three-way separation with age-adjusted data (based on a control sample regression relationship to a standard age of 33.3939 years)

was very similar, 89.8% correct overall, with no cross-classification errors between the mTBI and the Havana affected groups.

subjects showed a shorter estimated pupil response delay than
the control group for mm2/◦ data (HSD test, p < 0.05; marginal
for comparison with the mTBI group) and the mTBI group
for data normalized to the pupil light response (HSD test, p
< 0.05; marginal for comparison with the control group). The
pupil area modulation of the Havana affected subjects, measured
in mm2/◦, did not differ from that of the control for either
constriction or dilation. In the acute mTBI group though, these
responses were altered significantly with rectification of the
response in the dilation direction. Finally, for data expressed as
% pupil range, the Havana affected subjects had more robust
pupil constriction responses than either the control or the acute
mTBI group (Kruskal–Wallis tests, p < 0.01). The response
sensitivity in the acute mTBI group did not differ from that of the
control subjects.

Disparity Pursuit Task: Vergence Eye
Movements
The binocular disparity pursuit task tests the disparity vergence
performance over a slow, smooth pursuit cycle of 10 s. The traces
in Figure 3 (left traces) show smooth, sinusoidal vergence eye

movement tracking responses in the control and the Havana
affected groups, with coordinated pupillary responses that display
a clear sinusoidal component. The eye movement and the pupil
responses were small and less distinct in the acute mTBI group.

The analyses of the disparity pursuit task data (Table 3)
revealed reduced vergence eye movement modulation (low
pass) in the acute mTBI group (Kruskal–Wallis test, p < 0.01)
relative to that of the control group, with the Havana affected
group showing a reduction so that it differed from neither
the control subjects nor the acute mTBI subjects. As in the
case of the disparity step task, the goodness of fit (R2) for
vergence eye movements (to the stimulus profile) showed no
difference between the control and the Havana affected subjects.
Moreover, as in the case of the binocular disparity step task, the
goodness of fit of the vergence eye movements of the acute mTBI
subjects to the stimulus profile was reduced relative to those
of both the control and Havana affected subjects (HSD tests, p
< 0.01). These findings suggest that there is an impairment of
the fidelity of disparity-driven vergence pursuit eye movement
control in the acute mTBI subjects, but not in the Havana
affected subjects.
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Disparity Pursuit Task: Dynamic Pupil
Responses
As mentioned previously regarding Figure 3, the subject groups
differed in the appearance of the components of the pupil area
responses that were related to the vergence eye movements. The
R2 values indicate that the eye movement component explained
at least 50% of pupil variability in the control and the Havana
affected groups, but only 32% of the variance (HSD test, p >

0.01 re: either group) in the acute mTBI subjects. The pupil
area response (re: vergence eye movements) for constriction
during the disparity pursuit task did not differ between groups
when expressed as mm2/◦ (Table 3). However, when pupil area
was normalized as a percentile of the pupil response range, the
Havana affected subjects had significantly higher sensitivity per
degree of eyemovement than either the control or the acutemTBI
subjects. The coordinated pupil response sensitivities (pupil area
re: vergence angle) did not differ between the step and the pursuit
tasks for any groups.

Objective Classification of Subject Groups
From Vergence and Pupil Responses
The linear discriminant analysis (Wilks-lambda criterion)
demonstrated that the results of the two binocular disparity
vergence and the pupillary light response tests are sufficient
to classify individual subjects with high accuracy as control,
acute mTBI, or Havana affected (Table 3). The data used in
this analysis expressed the pupil responses as mm2/◦. The
canonical discriminant function for this three-way classification
(Table 4) identified two classifier dimensions that produced a
remarkable 91.8% correct rate overall, with a one-out cross-
validation correct classification rate of 81.6%. Most notably,
there were no classification errors between the Havana affected
and the acute mTBI subjects. The three-way group separation
remained at 89.8% correct overall (with no cross-classification
errors between the mTBI and the Havana affected groups) when
the variables with a significant age relationship were adjusted to
a value for a standard age of 33.3939 years based upon estimated
linear relationships in the control group.

The separation of the subject groups by the discriminant
scores, across ages from 20 to 60 years, is shown in Figures 5A–
D. The basic separation is shown for the scores in Figure 5B.
Figures 5C,D show that the discriminant dimension scores
were uncorrelated with the age of the subjects. Dimension 1
produced scores centered around zero for the control subjects,
negative scores for the acute mTBI group, and positive scores
for the Havana affected individuals (Figure 5B) across the
entire age range of the subjects (Figure 5C). Dimension 2
showed lower scores for either the Havana affected or the
acute mTBI group (Figures 5B,D). Thus, the distinctive group
effects were consistent for the disparity step and the disparity
pursuit tests.

DISCUSSION

In the time period since these symptom patterns were reported
initially among the Havana diplomatic community, there has

been a great deal of concern regarding the characterization of
symptoms affecting the documented cases as well as the extent
of the phenomenon in other populations at risk and in the
general public. Dozens of individuals, both inside and outside
the diplomatic community, have come forward with purported
symptoms and, in the vast majority of cases, they have been
diagnosed as not having a history and symptoms consistent
with the group that we have seen from the Havana diplomatic
community. We have termed this presentation as “worried well.”
This fact alone, as well as the potential ongoing threat to
diplomatic and other “forward” deployed assets (who face myriad
other threats as part of their daily work), creates a critical need for
standardized, accurate diagnostic criteria.

As we have discussed in our initial publication (2), this
study is limited by being a retrospective analysis of the data
obtained on this group of individuals in which only medically
necessary information could be collected. In addition, the
study is limited by a small sample size. Nevertheless, this
patient population represents the only opportunity to report the
presenting symptoms in any population seen acutely, without
the influence of outside attention or a “pre-knowledge” of
symptomatic complaints. Knowledge of the unbiased presenting
symptom patterns is important since new cases as well as many
cases of the worried well (worried but unaffected individuals)
have been reported around the globe.

The current paper presents objective clinical findings that
help to distinguish the truly affected individuals from normal
subjects and from a cohort with acute mTBI. These metrics
effectively classify these individuals from young adulthood
through their early 60 s (the age range of our exposed subjects;
see Figure 5), with no cross-classification errors between the
Havana affected subjects and the acutemTBI subjects.We suggest
that pupillary light reflex and binocular disparity vergence tests
can be utilized to produce sensitive and selective measures that,
paired with otolith tests (subjective visual vertical and vestibular-
evoked myogenic potentials), identify symptomatic Havana-type
exposures objectively on the basis of clinical features. These tests
are ready for operational use to help distinguish the “worried
well” and the symptomatic disorders with other potential causes.

To our knowledge, this report is the first demonstration
of the potential diagnostic utility of a quantitative analysis of
binocular disparity-driven eye and pupil movements. Although
these movements are highly consistent in control subjects (1), the
neurologic significance of the differences that we observed has
yet to be probed. Hence, the features that distinguish the acute
mTBI and the Havana Affected subjects from the control sample
need to be viewed as objective, empirical “markers.” One feature
of interest is that the rapid step and the slower smooth pursuit
(0.1Hz) binocular disparity tasks showed consistent results
across the different subject groups. For example, the subjects with
acute mTBI had lower magnitude vergence eye movements in
either task than the control or the Havana affected subjects. The
Havana affected subjects, on the other hand, had smaller baseline
pupil areas than the control subjects for light reflex testing and
during binocular disparity tests, associated with larger pupil
changes per degree of vergence when data were normalized to the
pupil area range.
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FIGURE 5 | Performance of discriminant function for classifying control, acute mild traumatic brain injury (mTBI), and Havana affected subjects. (A) Three-dimensional

plot of the distribution of individual discriminant function scores for subjects as a function of age at time of testing. Note that the group separation does not vary with

age. (B) Plot of the relationship between the two discriminant dimensions, collapsed across subject ages. (C) Separation of acute mTBI, control, and Havana affected

subject by discriminant dimension 1 across ages. (D) Separation of acute mTBI, control, and Havana affected subject by discriminant dimension 2 across ages.

Diagnosis of convergence insufficiency (e.g., in mTBI)
is typically documented by (1) a minimum near point of
convergence >6 cm from the face, (2) greater exodeviation for
near objects than far objects, and (3) a positive fusional vergence
during a prism test. They assess the final behavior of fusion
on static targets. The measures utilized in this study assess the
dynamic behavior of the eyes and the pupil during the responses
to binocular disparity. The acute mTBI subjects showed a distinct
pattern of changes in both binocular disparity tasks. Specifically,
the magnitude of the eye movements was depressed significantly
and symmetrically in both converging and diverging directions,
accompanied by an effect on the magnitude of pupil responses
(per degree vergence) for both constriction and dilation in the
disparity step task and only dilation in the disparity pursuit task.
These findings indicate that the amplitudes of the convergence
movements were reduced significantly in the subjects with acute
mTBI relative to the control subjects. For the step task, the
magnitude was less than half the control value, which would

be consistent with an apparent increase in the distance of the
near point of convergence (relative to the subject’s head). These
dynamic movement findings are likely to be predominantly a
supranuclear oculomotor control phenomenon that is related to
generating the parallel drive to the extraocular muscles and the
pupil controller (14).

Because the etiology of the consistent patterns of findings in
these individuals is unknown, it is important to also consider
the possibility of functional (or psychogenic) disease. Stated
bluntly, one entertains a psychogenic or functional diagnosis
after excluding known organic explanations. The appearance
and the diagnosis of changes in pupillary size and reactivity are
among the five psychogenic patterns that are discussed in neuro-
ophthalmologic literature (15–19). However, it is noteworthy that
the pattern of oculomotor and otologic findings in this cluster
of individuals has no precedent in the “psychogenic” literature.
Further, three arguments suggest that it is premature to invoke
a functional etiology. Firstly, the new eye movement findings
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are sufficiently distinctive to reliably classify these individuals,
control subjects, and subjects with acute mTBI with high
accuracy (>91% by discriminant analysis). Secondly, the affected
individuals reported perceptions that coincided with symptom
onset. Thirdly, the findings are not inconsistent with either
peripheral effects on the inner ear and eye or accompanying
effects on the central nervous system (20).

The findings in this study are limited by the retrospective
design, low subject numbers, and concerns about how to
generalize the data beyond the Havana diplomatic community.
However, despite these limitations and the absence of a detailed
neuro-ophthalmologic consultation and exam, it remains
uncertain whether the changes in pupil responses during
the binocular disparity vergence tasks reflect direct ocular
effects, effects on visual pathways, or adaptive responses to
perturbations yet to be identified. Because the binocular
disparity stimuli were predictable and relatively brief, one
cannot exclude the possibility of a contribution of an impaired
executive function to performance on these tasks, given the
elevated prevalence of abnormal antisaccade task error rates in
both subjects with acute mTBI (21) and the Havana affected
cohort (2) Randomized disparity testing may be helpful in
resolving the latter issue in the future. Nevertheless, our data
demonstrate that the behavior of the Havana affected subjects
in these tasks differed markedly from the convergence eye and
the pupil coordination pattern in the acute mTBI subjects. These
differences in objective performance need to be considered
in the management of individuals showing features of the
Havana affected group. For example, traditional mTBI treatment
approaches that target convergence training may not be effective
in this distinct patient population.

CONCLUSION

In late 2016, diplomats in Havana, Cuba, began presenting
with a unique symptom complex after perceiving a strange
noise and/or feeling a pressure field in their domicile. There
have been previous reports on both the initial as well as the
longer-term findings in this population. This is the first report
that examines the function of these individuals on a test that
examined binocular disparity-driven eye and pupil movements
during the acute time period after exposure. The patterns of
response in these individuals are markedly different than those
seen in a group of individuals with usual acute mild traumatic

brain injury and from controls with no injury. The results from
these tests permitted an objective discrimination of the groups
with >91% accuracy and no confusion between the Havana
subjects and the subjects with acute mild traumatic brain injury.
This pattern difference may be a useful screen for individuals
who report a similar exposure pattern. Furthermore, their
distinctive presentation may help guide in treatment decisions
to address the mechanisms that contribute to their unusual
symptom complexes. At the current time, however, this remains
an empirical observation and more work is needed to study
the findings.
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APPENDIX

The model for analysis of the pupillary light responses,Q17

based upon the work of Stark and collaborators (8, 10–
13), is summarized in Figure 1. The global luminance was
transformed through a power function, where b is a fractional
exponent that mimics the neural and the perceptual encoding
of intensity (22, 23); initial values for model estimation
procedures (below) were set by linear regression estimation
of the relationship between the logarithms of the depth of
each pupillary response and the logarithm of the stimulus
intensity for that response. The luminance signals were then
processed in parallel by a high-pass mechanism with transfer

function Klh s
0.085s+1 and a low-pass mechanism with transfer

function Kll
0.15s+1 (where “s” is a complex variable for the

Laplace representation of the transfer function). The sum of
these signals drives the iris musculature, with faster dynamics

and a shorter delay for the sphincter muscle (Kse
−0.2s

0.35s+1 )than

the dilator muscle (Kde
−0.5s

3.5s+1 ). The difference in the dynamic
properties of these muscle is based upon published findings
from bovine muscle (24). Non-linear least squares regression
(“lsqnonlin.m” function in MATLAB) was used to estimate the
power function and the gain parameters from experimental
data. The models were fitted initially for each eye. Since there
was no significant difference between the left and the right
pupil responses for these binocular stimuli, the responses were
then averaged. The parameter estimates below are from the
averaged data.

FIGURE A1 | Schematic diagram of the model for dynamic analysis of pupillary light response data. This model is a lumped representation of the processesQ18

described in a series of papers from the Stark laboratory, spanning several decades (8, 10–13).
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ABSTRACT 
It is well-known that airborne sound induces vibration of the 

eardrum, the coupled middle ear bones, and the inner ear. Sound 
transmission to the inner ear is attenuated by damage or 
dysfunction in the eardrum or ossicular chain. Corrective 
devices often use contact shakers to directly vibrate the temporal 
bone of the skull, delivering sound. We investigate an alternative, 
noncontact method of sound transmission that uses ultrasonic 
signals to transmit sound into the auditory and vestibular 
systems. Minimal literature exists describing ultrasonic hearing, 
largely due to attenuation of air-conducted frequencies above 20 
kHz. High-amplitude airborne sound incident upon the skull can 
induce temporal bone system vibrations along an 
unconventional structural path. Finite-element-based acoustic 
modeling of the auditory and vestibular anatomy reveals 
resonant behavior in structural components of the middle and 
inner ear at ultrasonic frequencies. These “built-in sound 
amplifiers” can be leveraged to compensate for impedance 
mismatches experienced in airborne ultrasound transmission. By 
heterodyning (amplitude modulating) a targeted ultrasonic 
carrier signal with an audio signal, the nonlinearities of acoustic 
propagation and the auditory and vestibular sense organs allow 
interpretation of heterodyne signals. These techniques provide a 
foundation to improve a wide variety of communication 
equipment, including hearing aids, without interfering with 
balance sensations. 

Keywords: hearing, cochlea, ultrasound, modal analysis, 
finite element model, heterodyne 
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1. INTRODUCTION 
 The classical air-conduction hearing path is the most 
common description of how sound enters the external ear and is 
eventually transduced to neuronal signals that are interpreted by 
the brain. This description is sufficient for human hearing at 
sound frequencies between approximately 20 Hz and 20 kHz. 
Outside of this range, the frequency sensitivity of the organ of 
Corti limits transduction of physical vibration from sound into 
neural signals. While exposure to ultrasonic sound (with 
frequency above 20 kHz) can be perceived by humans when 
delivered at high amplitude, the mechanism of ultrasound 
transduction and the structural-acoustic behavior of the 
anatomical system is largely unknown.  
 This work is intended to elucidate a candidate mechanism 
for delivery of ultrasonic sound into the human auditory and 
vestibular systems. We approach the topic from a structural-
acoustic perspective, beginning with a review of the anatomy of 
the temporal bone of the skull, which houses the eardrum, 
transfer mechanisms of the middle ear, and the sense organs of 
the inner ear. Anatomical review leads naturally to first-
principles assessment of these structures as potential acoustic 
resonators. More advanced computational analysis is utilized to 
assess the complex, interconnected geometries of the middle and 
inner ear spaces. We subsequently discuss how so-called acoustic 
heterodyne signals can be designed to strategically target the 
resonant acoustic structures, enabling noncontact, discreet sound 
transmission into the auditory and vestibular systems. Finally, 
we discuss applications of this technique and work required to 
further assess the feasibility of these techniques. 
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2. ANATOMICAL OVERVIEW 
Before discussing behavior of the auditory and vestibular 

systems at ultrasonic frequencies, we will review the anatomy 
and function of the “classical” air-conduction hearing path. 
Familiarity with these structures enables discussion of how other 
anatomical features of the temporal bone are structurally coupled 
with the hearing and sense organs, and leads naturally to analysis 
of key features of the middle ear, inner ear, and temporal bone 
as a system sensitive to high-frequency vibration. 

 
2.1 The tympanic membrane and ossicles 

Upon entering the external ear canal, sound impinges upon 
the soft-tissue tympanic membrane (eardrum), which serves as 
the boundary between air in the environment and the enclosed, 
air-containing tympanic cavity, or middle ear, depicted in detail 
in Figure 1. The three small bones of the middle ear (the ossicles) 
form a mechanical linkage between eardrum and the hearing 
organs in the fluid-filled inner ear spaces. For reasons that will 
shortly become clear, we note the depiction of the soft tissue oval 
window at the stapedial footplate as the site where tympanic 
membrane vibrations drive sound into the inner ear, and the 
similar soft tissue round window as an undriven port coupling 
middle and inner ear spaces. 

FIGURE 1: ANATOMY OF THE MIDDLE EAR [1] 
 

2.2 The inner ear 
Hearing and sense organs are located within the inner ear 

spaces (colloquially, the “labyrinth” due to its complex 
structure) medially adjacent to the middle ear cavity, shown in 
Figure 2. Like the middle ear cavity, the inner ear spaces are 
enclosed within the temporal bone of the skull, and specifically 
are surrounded by compact (cortical) bone, which has different 
material properties than vascularized, marrow-containing 
cortical (trabecular) bone.  

Unlike the middle ear cavity, the inner ear spaces are filled 
not with air, but with fluids known as perilymph and endolymph. 
The depiction of the “coaxial” inner ear structure in Figure 2 
distinguishes bony and membranous regions of the labyrinth. 
These regions’ names are “structural guides” that refer to 
exterior cross-sectional boundaries. A thin membrane encloses 
the roughly circular cross-section of membranous labyrinth 
spaces, and the annular bony labyrinth space cross-sections are 
bounded by compact bone on the outer boundary and by the 
aforementioned membrane on the inner boundary. The bony and 
membranous labyrinths contain perilymph and endolymph, 
respectively, which have distinct ionic content and chemically 
facilitate the sensing processes of the auditory and vestibular 
sense organs.  

FIGURE 2: ANATOMY OF THE INNER EAR [1] 
 

Inner ear descriptions typically divide the structure into 
three separate regions: the cochlea (the sound transducer); the 
semicircular canals (or ducts), which contain angular 
acceleration sensors for skull motions within their ampullae; and 
the central vestibule, which contains the utricle and saccule 
organs. Both the utricle and saccule are sensitive to linear 
acceleration and gravitational forces. While detailed 
microanatomical review is not required for the scope of our 
discussion, it is important to understand that each vestibular 
sense organ (utricle, saccule, and a crista ampullaris in each of 
the three semicircular canal ampullae) comprises a biological 
seismic mass that contributes to the actuation of innervated 
receptor hair cells, generating nervous system signals.  

 
2.3 Cochlea 

The fluid compartments of the hearing organ (the cochlea) 
are physically coupled to the vestibular sense organs via the 
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vestibule. A simple functional description of the cochlea is aided 
by Figure 3, which shows a schematic view of the “unwrapped” 
cochlea. While cochlear microanatomy is far more nuanced than 
described here, it suffices for our purposes to treat the cochlea as 
two flattened tubes sharing a common membrane, known as the 
basilar membrane. The basilar membrane is coupled to 
innervated hair cell sensors which transduce basilar membrane 
vibrations into nervous system signals. All other surfaces of the 
tubes (except for the vestibule and round window connections) 
are bounded by compact bone. 

FIGURE 3: “UNWRAPPED” COCHLEA GEOMETRY WITH 
APPROXIMATE FREQUENCY MAPPING [2] 

 
At the cochlear apex (the end most distal from the vestibule), 

the helicotrema is a region of perilymph continuity between the 
scala vestibuli and the scala tympani. In our previous discussion 
of Figure 2, we noted the presence of the ossicle-connected oval 
window as well as the nearby round window. The oval window 
is located on the vestibule, very close to the point where the scala 
vestibuli begins to enter the spiral cochlear structure. Tympanic 
membrane vibrations excite the ossicles and subsequently the 
round window, launching sound into the perilymph of the scala 
vestibuli. An outgoing pressure wave in the fluid travels down 
the length of the scala vestibuli, through the helicotrema, and 
back along the length of the scala tympani before reaching the 
round window. Because lymph is an incompressible fluid, the 
round window displaces inward and outward in response to the 
driving oval window’s vibrations, maintaining system static 
pressure. The difference in phase between traveling pressure 
waves in the scala vestibuli and scala tympani generates pressure 
differentials across the basilar membrane, resulting in basilar 
membrane vibration that varies as a function of position. As 
Figure 3 identifies, traveling waves moving along the length of 
the cochlea effectively generate frequency-specific regions 
where maximal basilar membrane displacement is observed, 
leading to the commonly-cited interpretation of the basilar 
membrane as a physical Fourier analyzer that essentially 
implements a series of simultaneous narrowband filters. While 
this interpretation is now widely recognized as imprecise [3], the 
general physical reality that low-frequency hearing relies heavily 
on hair cell activation near the helicotrema and that high-

frequency perception is localized to the cochlear base is useful 
for our discussion. 
 
2.4 Impedance matching and hearing correction 

The ossicular chain serves a critical function as an 
impedance matching network. If sound in the environment 
directly actuated the oval window, an acoustical impedance 
mismatch between perilymph and air of approximately 3500:1 
would be present, leading to very low transmission into the inner 
ear. Instead, the ossicles’ mechanical coupling between the 
tympanic membrane and oval window results in an overall 
higher sound pressure level in the cochlea compared to the 
stimuli in the ear canal [4]. It follows naturally that dysfunction 
in the ossicular chain results in lower transmission of sound to 
the cochlea.  

While conventional hearing aids that amplify sound in the 
ear canal can be used to address air-conductive hearing loss, an 
alternative management strategy is the use of a bone-conduction 
hearing aid, which uses a mechanical vibrator pressed against the 
skin to excite the temporal bone. Vibration of the bony walls of 
the labyrinth constitutes a “base motion” vibration scenario for 
the basilar membrane, inducing membrane vibration and the 
generation of electrical signals by the embedded hair cell 
transducers. This arrangement presents a more favorable 
impedance mismatch for conduction from bone into lymph at 
approximately 4:1, although an additional skin-to-bone 
impedance mismatch at approximately 1:5 and the damping of 
soft tissues must be overcome, requiring relatively high vibratory 
amplitudes. These transducers are frequently held in place over 
the skin with eyeglasses or compression bands, which may allow 
motion and imperfect contact. Other mounting options include 
the surgical implantation of an anchor into the temporal bone, 
which minimizes the skin-bone impedance mismatch but 
introduces surgical risk. 

 
2.5 Mastoid air spaces 

Classical descriptions of the air-conductive and bone-
conductive hearing paths omit an anatomical feature we find 
important in analysis of the temporal bone as a coupled system. 
The middle and inner ear are specifically housed within the 
petrous part of the temporal bone. As indicated on the left human 
temporal bone shown in Figure 4, the petrous part is a dense 
protrusion extending medial and anterior from the curvature of 
the external skull (the squamous part of the temporal bone).  
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FIGURE 4: LEFT TEMPORAL BONE, HUMAN 
 
Posterior to the squamous and petrous parts, able to be felt 

by hand immediately behind the external ear is the thumb-sized, 
protruding mastoid part of the temporal bone. The mastoid has 
an unusual, “pneumatized” internal structure, illustrated in 
Figure 5, which consists of a large number of complex air-filled 
cells that are demarcated by thin (order of 100µm) laminae of 
compact bone. Cells are not sealed: air in one cell is contiguous 
with others through the tympanic antrum. The shared air space 
extends up to (and is contiguous with) the middle ear cavity, i.e. 
acoustically, vibration in the middle ear air space propagates into 
the mastoid, and vice versa. Figure 5 also shows the close 
proximity of the semicircular canals (Prominence of lateral 
semicircular canal) to a section of the air space (Tympanic 
antrum). These structures are physically separated by a thin (<1 
mm) compact bone layer. We will explore the acoustic behavior 
of these interconnected structures in a subsequent section.  

 
3. ULTRASONIC ANATOMICAL BEHAVIOR  

The human auditory system is widely considered only to be 
able to perceive sound frequencies between 20 Hz and 20 kHz. 
Historical studies indicate low-pass behavior of the combined 
middle and inner ear systems in mammals (including humans), 
with sound transmission roll-off in humans beginning in the 1-2 
kHz range [6, 7]. Lack of human perception in higher frequency 
ranges has historically led to limited assessment of auditory 
behavior at ultrasonic frequencies. The available work in this 
area indicates that ultrasound delivered via bone conduction can 
be perceived by humans, including interpretation of speech 
modulated to ultrasonic frequencies [8]. With an appropriate 
bone-coupled transducer, human hearing thresholds for 
frequencies between 20 kHz-100 kHz have been measured to be 
on the order of 120-130 dBSPL re. 1 µbar [9]. Experimenters in 
this area have noted the occurrence of short-term tinnitus in some 
subjects, which is typically attributed to the high sound 
amplitudes employed in the experiment. [9, 10] Some 
investigators attribute the discomfort and changing perceived 
locations of ultrasonic phenomena as an effect of bone standing 

wave patterns [10], but we are not aware of any investigation 
identifying structural-acoustic features in the temporal bone 
which might interact with ultrasonic vibrations. 

FIGURE 5: CORONAL SECTION OF TEMPORAL BONE [5]  
 
Our review of the temporal bone in a structural-acoustic 

context reveals the presence of anatomical features that could act 
as physical ultrasonic resonators. In the inner ear, the extension 
of the semicircular canals and the cochlea from the central 
vestibule constitute acoustic ducts which could maintain various 
standing and traveling wave modes. A typical human inner ear 
fits within a 20 mm cube, with an approximate unwrapped 
cochlear length of 30 mm and semicircular canals on the order 
of 15-25 mm. Treating a semicircular canal as a 15 mm long, 
half-wave resonant, water-filled acoustic duct with Dirichlet 
boundary conditions (zero dynamic pressure at the vestibule 
connections), the first natural frequency is given by: 

 
𝑓𝑓1 = 𝑐𝑐

2𝐿𝐿
= (1450𝑚𝑚/𝑠𝑠)

2∗(0.015𝑚𝑚)
= 48.3 𝑘𝑘𝑘𝑘𝑘𝑘                 (1) 

 
A similar treatment of the cochlea as a quarter-wave 

(Helmholtz) resonator (comprising two connected 30 mm pipes) 
bounded by a Dirichlet condition at the vestibule and a Neumann 
condition (zero dynamic pressure gradient) at the round window 
gives a first natural frequency of: 

 
𝑓𝑓1 = 𝑐𝑐

4𝐿𝐿
= (1450𝑚𝑚/𝑠𝑠)

4∗(2∗0.030𝑚𝑚)
= 6.04 𝑘𝑘𝑘𝑘𝑘𝑘                (2) 

 
Naturally, these simple analyses will invariably be 

inaccurate due to the complex, interconnected form of the 
cochlea and the unmodeled physics of the basilar membrane, but 
they provide a simple estimate that implies the existence of high-
frequency structural resonances of the system, and a basis for 
assessing the validity of more advanced models. 
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This modeling strategy becomes far more complex for the 
middle ear spaces. While the tympanic cavity itself is a relatively 
well-defined cavity, the connected pneumatized bone in the 
mastoid is highly complex. The coupled air-filled space (with 
longest dimension on the order of 40 mm) will likely have 
standing modes at relatively high frequencies. Furthermore, the 
small air pockets and thin “beams” of bone inside the mastoid 
could each constitute a high-frequency mechanical resonator. As 
discussed previously, vibrations generated in the mastoid can 
propagate into the main middle ear cavity, where they could 
interact with the tympanic membrane, the oval window, or the 
round window. Resonance of thin bone layers could also 
propagate directly through the temporal bone and excite other 
locations in the middle or inner ear. 

 
4. FINITE-ELEMENT ACOUSTIC MODELING OF 

VESTIBULAR AND AUDITORY GEOMETRY 
Analyzing the existence and frequency of resonant 

phenomena in the auditory and vestibular systems requires the 
use of realistic anatomical geometry and a computational 
modeling package. Here we discuss construction and outcomes 
of acoustic models of the inner ear and middle ear spaces. 

 
4.1 The OpenEar Temporal Bone Dataset 

Appropriate anatomical could be obtained by reconstruction 
of imagery from computed tomography (CT) scanning or 
microtome sections. Both types of imagery as well as 3D models 
were available in the open-source OpenEar library of 3D models 
of the human temporal bone generated by Sieber, et. al. [11, 12]. 
This dataset includes CT data, micro-sliced imagery, 3D 
reconstructions and registrations of all available images, and 3D 
models of the segmented data for 8 temporal bone specimens.  

 
4.2 Inner ear finite-element acoustic model 

We used finished 3D models from the “ALPHA” specimen 
of [12] corresponding to the inner ear geometry to create a finite-
element (FE) acoustic model of the inner ear. Figure 6 shows the 
geometry of this model (implemented using ANSYS® 
MechanicalTM), which incorporates the vestibule, semicircular 
canals, and cochlea. In order to ensure contiguous fluid space, a 
small spherical body was inserted at the site of the helicotrema 
and connected geometrically with the scala vestibuli and scala 
tympani bodies from [12]. The cochlea itself was represented as 
two fluid canals, unconnected through the basilar membrane and 
with a small physical gap left in the system. Similarly, the 
portion of the scala tympani nearest the round window was left 
unconnected to the vestibule, approximating the closed boundary 
condition of the round window. All other boundary conditions 
were left as a (natural) Neumann boundary condition. The 
material properties of water were used as an approximation for 
perilymph and endolymph in all volumes. An undamped 
eigensolver was used to solve a mesh of quadratic tetrahedral 
acoustic fluid elements, with mesh sizing sufficiently fine to 
avoid spatial aliasing. The analysis performed assumed linear 
acoustic material properties and physics. 

 

FIGURE 6: INNER EAR ACOUSTIC MODEL GEOMETRY 
 

4.3 Inner ear modal analysis results 
Modal analysis solutions (eigenvectors in acoustic pressure) 

from the inner ear FE model are shown in Figure 7 and Figure 8. 
These mode shapes correspond to the first and second vibration 
modes associated with the cochlear “acoustic duct” at 7.3 kHz 
and 20.1 kHz, respectively. These modes, as well as additional 
higher-frequency modes not shown here, have the characteristic 
quarter-wave resonator response, with high-magnitude pressure 
at the “closed” round window site and a relatively isobaric 
vestibule and semicircular canal system. We can therefore 
consider the theoretical first cochlear natural frequency 
prediction of approximately 6 kHz from the previous section to 
be reasonably accurate, especially since the sound-hard 
vestibule/semicircular canal system is not a true zero-pressure 
boundary condition. The second natural frequency is 
approximately three times the first natural frequency, further 
confirming the approximation of the cochlea as a quarter-wave 
resonator. Higher-order cochlear modes (at 32.6 kHz and 48.2 
kHz, among others) were also identified by the modal analysis, 
indicating the potential for ultrasonic-frequency resonant 
waveguide behavior of the cochlea. 

 

FIGURE 7: COCHLEAR ACOUSTIC DUCT MODE, 7.3 KHZ 



 6 © 2020 by ASME 

FIGURE 8: COCHLEAR ACOUSTIC DUCT MODE, 20.1 KHZ 
 
The semicircular canals were the site of several acoustic 

resonant features. As theory (and practical experience with any 
pipe-based musical instrument) predicts, the lowest-frequency 
mode shape (42.8 kHz) corresponds to the longest semicircular 
canal (the posterior canal), shown in Figure 9. Even though a 
complicated connection with the superior (anterior) semicircular 
canal exists, this mode clearly corresponds to the mode shape of 
a so-called “open-open” half-wave acoustic resonator, with a 
high-amplitude region at the center of the duct and zero dynamic 
amplitude at the duct ends. Figure 10 displays a similar open-
open mode at 54.9 kHz generated within the superior 
semicircular canal, and Figure 11 shows a more complex, higher-
order mode at 77 kHz which involves both the posterior and 
superior semicircular canals near the crus commune.  

 

FIGURE 9: SEMICIRCULAR CANAL DUCT MODE, 42.8 KHZ 
 
While this computational model is simplified and does not 

include the structural details of the semicircular canal ampullae, 
utricle, and saccule that generate vestibular signals, nor the 
cochlear microstructure that transduces sound, these results 
indicate the existence of ultrasonic-frequency acoustic modes in 
the fluid spaces of the inner ear. The mode shapes displayed here 
represent acoustic pressure distributions, rather than acoustic 
velocity of the fluid. However, regions with low acoustic 
amplitude typically have the greatest acoustic velocity; these 

regions include the sites of the semicircular canal ampullae, the 
saccule near the oval window (adjacent to the entrance to the 
cochlear scala vestibuli), and the most basal portion of the basilar 
membrane of the cochlea (associated with high-frequency 
hearing). Any purely-computational analysis of a complex 
anatomical structure like the inner ear is inherently speculative 
and eventually requires empirical validation. The rigid-walled 
modes discussed here do not account for the complex coupling 
with (and structurally-dominated modes of) the temporal bone. 
However, the prediction of high acoustic velocity in perilymph 
and endolymph near the auditory and vestibular sense organs 
indicates that high-frequency sound in the inner ear may be 
amplified by these acoustic modes. Such sound would prompt 
fluid motion that could activate the sense organs, generating the 
sensation of sound in the brain. 

FIGURE 10: SEMICIRCULAR CANAL DUCT MODE, 54.9 KHZ 

FIGURE 11: SEMICIRCULAR CANAL DUCT MODE, 77 KHZ 
 

4.4 Middle ear finite-element acoustic model 
A separate analysis of the middle ear and mastoid air spaces 

was conducted to identify the presence of any similar resonant 
features in an ultrasonic frequency range. In the closed middle 
ear cavity, any resonant feature would constitute a standing wave 
that is 3-dimensional in nature. Mechanical amplification from 
resonant behavior could result in high-amplitude vibration of 
bone or the soft tissues of the tympanic membrane, oval window, 
and/or round window, and projection of high-amplitude sound 
into the inner ear.  



 7 © 2020 by ASME 

Generation of a FE model for the middle ear air space 
required additional processing of the data from [12] because, 
unlike the inner ear spaces, the middle ear air spaces were not 
presegmented and presented as a solid model. We used 
Materialise Mimics® to analyze the CT data from the “BETA” 
specimen of [12] and construct a solid model (shown in Figure 
12) corresponding to the middle ear cavity and the mastoid 
antrum (the relatively open space within the center of the 
mastoid). To avoid excessive complexity and focus on 
identifying the most prominent acoustic modes of the inner ear, 
the smallest pneumatized cells of the mastoid were not resolved 
in this model. The space typically occupied by the ossicles was 
left as a void in the air-filled solid model structure. The same 
software package and mesh generation methodology used to 
conduct the inner ear analysis was utilized to generate the middle 
ear FE model, with all exterior surfaces of the computational 
space left in their natural (sound-hard) boundary condition. 

FIGURE 12: MIDDLE EAR AIR SPACE GEOMETRY, WITH 
TYMPANIC MEMBRANE AND MASTOID ANTRUM INDICATED 
 
4.5 Middle ear modal analysis results 

The first two natural frequencies (at 5.7 kHz and 13 kHz) 
and mode shapes of the middle ear space are shown in Figure 13 
and Figure 14. These mode shapes correspond to the first two 
closed-closed “acoustic duct” modes along the long axis of the 
air space. Both of these modes are within the widely-accepted 
human hearing range, but the presence of acoustic modal nodes 
near the eardrum and oval/round windows (e.g. the middle of the 
mode shape in Figure 13) likely prevents interaction with the 
auditory system in normal circumstances.  

Interesting higher-order modes occur at 27.5 kHz (Figure 
15) and 32.5 kHz (Figure 16), where two regions along the 
“arch” of the air space experience high amplitudes. These modes 
are particularly notable because, as mentioned previously, the 
medial high-amplitude air regions are immediately adjacent to 
semicircular canals, with less than 1mm of bone separating the 
structures. The close physical proximity increases the probability 
of transfer of resonance-amplified sound into the inner ear. One 
additional mode at 30.5 kHz, shown in Figure 17, is transverse 
to the mode shown in Figure 13, and is housed entirely within 
the mastoid. High-amplitude resonant behavior here would 

likely excite the entire temporal bone, in a similar manner to a 
bone-conduction hearing aid. 

FIGURE 13: MIDDLE EAR ACOUSTIC AXIAL MODE, 5.7 KHZ 

FIGURE 14: MIDDLE EAR ACOUSTIC AXIAL MODE, 13 KHZ 

FIGURE 15: MIDDLE EAR CROSS-MODE, 27.5 KHZ 
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FIGURE 16: MIDDLE EAR CROSS-MODE, 32.5 KHZ 

FIGURE 17: MASTOID CROSS-MODE, 30.5 KHZ 
 
5. ACOUSTIC HETERODYNE TRANSMISSION 

Resonant features of the middle ear and inner ear anatomy 
provide a potential pathway to transmit information into the 
auditory and vestibular systems with a noncontacting driver.  

 
5.1 Ultrasonic sound projection and heterodyning 

Rather than simply increasing the amplitude of a transducer 
to achieve ultrasound delivery, we posit that an ultrasonic signal 
with frequency in the neighborhood of a major resonant 
frequency can leverage mechanical amplification to deliver 
sound to the sense organs. Various systems exist which project 
particularly high-amplitude (e.g. 120 dBSPL peak output) 
amplitude-modulated ultrasound to generate localized audio-
frequency sound fields [13]. These systems normally rely on the 
weak nonlinearities of air to demodulate the ultrasound signal. 
Even with advanced signal preprocessing to control distortion, 
an audio-frequency signal with useful amplitude generated via 
nonlinearity is still several orders of magnitude lower in 
amplitude than the driving ultrasonic signal (e.g. with the device 
of [13], a 120 dBSPL peak ultrasonic output at the measurement 
site resulted in audio-band amplitude of 80 dBSPL).  

The amplitude modulation process (“heterodyning,” using 
Fessenden’s classic term) comprises multiplication of two 
sinusoidal signals, typically known as an information signal and 
a higher-frequency carrier signal. The multiplication eliminates 

the original information and carrier signal frequencies, and 
generates an output signal with energy at two new frequencies: 
the sum and difference of the original carrier and information 
signals. In the most common application (AM radio), these new, 
“heterodyne” frequencies are processed in accordance with 
standard transmission protocols, amplified, and projected 
electromagnetically. A similar process can be used to generate 
so-called “acoustic heterodyne” signals, which can be projected 
acoustically by any speaker with appropriate frequency 
response. In the case of a 2 kHz information signal and a 40 kHz 
carrier signal, for example, the heterodyne frequencies would be 
38 kHz and 42 kHz.  

 
5.2 Direct acoustic heterodyne projection 

With careful selection of carrier signals, acoustic heterodyne 
signal frequencies can be manipulated to match an anatomical 
resonant frequency in the middle or inner ear (e.g. the 30.5 kHz 
mastoid cross-mode described previously). An airborne 
ultrasound projector located behind the head could then transmit 
ultrasonic sound directly to the temporal bone at or near an 
anatomical resonant frequency, using mechanical amplification 
to compensate for impedance mismatches between air, skin, and 
bone. Such an approach could eliminate the advanced signal 
processing and high amplitudes used to ensure in-air 
demodulation by existing devices, and be inaudible by 
conventional air-conductive hearing to anyone not in the beam 
path. While the mechanics of ultrasonic sound perception are not 
entirely understood, the historical work in this area indicates a 
few possible explanations. One possibility is that the modulated 
ultrasound signals are demodulated in the fluids of the temporal 
bone (air and lymph) by these fluids’ inherent nonlinearities, or 
in the known-nonlinear structure of the cochlea, and interpreted 
in the cochlea (in a specific region) in a manner similar to typical 
air-conducted sound [10, 13]. Another possibility is that some 
combination of nerve signals generated by the vestibular sense 
organs and cochlea provide sufficient information to the brain to 
interpret amplitude-modulated sound [8].  

 
5.3 Applications 

Unlike existing airborne ultrasonic transmitter systems that 
generate conventionally-audible sound to be carried along the 
standard air-conduction hearing path, this process of acoustic 
heterodyne transmission directly into the sense organs would be 
accessible to individuals with ossicular chain dysfunction. 
Transmission via inaudible ultrasound could provide a more 
discreet, more energy-efficient method of information 
transmission even for users with unimpaired hearing.  

An additional possibility arising from use of this technique 
is the use of simultaneous heterodyne signals targeted toward 
specific features (e.g. the individual semicircular canals). Such a 
scenario would enable construction of stimuli that activate the 
vestibular and auditory sense organs independently or semi-
independently (in control systems terminology, full 
controllability of each sense organ). A well-crafted stimulus may 
be able to accomplish sound transmission while avoiding 
activation of the vestibular sense organs, which are speculated to 
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be affected by ultrasonic exposure and have even been noted to 
cause short-duration physiological balance disruptions [13]. 

 

6. CONCLUSIONS AND FUTURE WORK 
Acoustic resonant phenomena in the middle and inner ear 

anatomy provide a pathway to transmit vibration information 
into the vestibular and auditory systems without the complexity 
and discomfort of a contact transducer. The acoustic modeling 
performed in this investigation reveals that heterodyned acoustic 
signals may be mechanically amplified in the skull, enabling the 
use of smaller and lower-amplitude transmission devices.  

Further assessment of this concept would likely involve 
computational analysis of a more advanced structural-acoustic 
model, including the coupling between the middle ear space, the 
inner ear spaces, and the temporal bone itself. Inclusion of more 
detailed cochlear and semicircular canal geometries would also 
improve the quality of predictions. Use of nonlinear physical 
models for all geometry could enable prediction of the extent of 
internal demodulation of heterodyne signals. Ultimately, 
physical validation will include the instrumentation of cadaveric 
specimens and human subjects to determine the quantitative 
extent of sound demodulation taking place within the middle and 
inner acoustic spaces, as well as the qualitative perception of 
sound by individuals.  
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